Current geotechnical procedures for monitoring the condition of roadways are time consuming and can be disruptive to traffic, often requiring extensive invasive procedures (e.g., coring). Ground penetrating radar (GPR) technology offers a methodology to perform detailed condition assessment of existing roadways, with the added advantage over other techniques of being rapid and cost-effective.
SUMMARY
Current geotechnical procedures for monitoring the condition of roadways are time consuming and can be disruptive to traffic, often requiring extensive invasive procedures (e.g., coring). Ground penetrating radar (GPR) technology offers a methodology to perform detailed condition assessment of existing roadways, with the added advantage over other techniques of being rapid and cost-effective.
This study applies GPR techniques to a survey along Interstate 70 across the state of Missouri. Goals of this survey were threefold: 1) determine layer thicknesses every tenth mile (primarily asphalt and concrete, with base coarse information secondary); 2) update history information related to types of pavements that make up I70 across Missouri; and 3) note regions where the radar signal appears anomalous. Goals (1) and (2) are related and were the primary goals. Goal (3) required visually interpreting the full data set and was done as a guide for further investigation. The result is an extensive data set allowing the user to visualize the east and westbound pavement profiles in comparison to design history information, view a table of surface types and anomalous regions associated with those profiles, and cross-reference this information with the GPR-interpreted layer data at 0.1 mile marks in spreadsheet form.
BACKGROUND AND METHODOLOGY
Ground penetrating radar (Daniels, 1996; Cardimona, et al., 1998 ) uses a radio wave source to transmit a pulse of electromagnetic energy into a nonmagnetic body. The reflected energy, originating within the body at interfaces between materials of different dielectric properties or of differing conductivities, is received and recorded for analysis of internal structure of the body. GPR data consist of a) changes in reflection strength, b) changes in arrival time of specific reflections, c) source wavelet distortion, and d) signal attenuation. When applied to the analysis of roadways, these different GPR signatures can be used as discriminants for detecting poor quality pavements (e.g., insufficient asphalt overlay, variable concrete pavement or base coarse).
Ground penetrating radar techniques applied to roadway assessment are relatively new. Only recently has the instrumentation been improved so that interpretable high resolution data can be obtained regarding pavement condition. Various GPR tools and methodologies exist (e.g., ASTM D 4748-87), some with more potential than others. Modern antennae for roadway analysis are normally designed as air-launched horn antennae with nominal peak frequencies of around 1.0GHz, offering the ability to obtain high resolution images of pavement layers. Data can be collected by monostatic antennae, which means the same antennae acts both as transmitter and receiver, or with bistatic antennae where the transmitting and receiving antennae are separate. Bistatic horn antennae designed for high speed road pavement imaging are normally mounted behind a truck in a line parallel to vehicle motion, and they offer more rapid data collection and thus more samples per distance than does the monostatic tool.
Multichannel recording instrumentation in either monostatic or bistatic modes allow us to collect more than one pass of data along the vehicle traverse. Collection of this data is fast and not disruptive to traffic patterns, with reasonable collection speeds up to 50mph.
The standard methodology for the automatic interpretation of GPR data over pavements (ASTM D 4748-87) measures reflection amplitudes. These reflection amplitudes, scaled with an initial amplitude calibration, allow for the determination of layer dielectric constants. The contrast in dielectric constant (relative dielectric) across an interface is what produces the reflection in the first place, so the reflection amplitudes can be related to the dielectric values with a layer-stripping technique; i.e., the relative dielectric of the first layer is determined, then it is used to determine the relative dielectric of the next layer, and so on. Once all layer dielectric constants are determined, the layer thicknesses can be calculated using the radar wave velocities (based also on the dielectric constants) and the measured travel time of each interface reflection. This automatic interpretation must include core samples for each different pavement along the GPR survey in order to best determine dielectric constants .
This interpretation procedure implies that all layer interfaces are represented by distinct reflection peaks in the recorded GPR signal. That all layers are represented means that each reflection coefficient is large enough to produce a returned signal with an amplitude above the noise level. That all reflection peaks be distinct relates to the vertical resolution of the GPR tool. This resolution will be most related to the peak frequency of transmission, because the wave velocity divided by the wave frequency determines the wavelength of the radar in the pavement layers. For an antenna with nominal frequency of 1.0GHz, the wavelength would be on the order of a tenth of a meter for a medium with a dielectric constant of 9 (corresponding to a radar velocity of 0.1m/ns). The slower the medium (the larger the dielectric constant) or the larger the source frequency, the better the resolution (smaller the wavelength).
User guided interpretation uses similar concepts to the automated interpretation scheme, but the amplitude of reflection events is not formally used to measure dielectric constants. Instead, after interface reflections (and their associated travel times) are picked from the data, ground truth is used to calibrate the signal. Dielectric constants are determined from this ground truth, and layer thickness estimates along the whole survey are then produced.
FIELD ACQUISITION PROCEDURES
We have performed an extensive ground penetrating radar survey of road pavement along Interstate 70 across Missouri. The instruments and the software for analysis of the data are manufactured by Geophysical Survey Systems, Inc. In Summer 1998, the Department of Geology and Geophysics at UMR acquired GPR data along both east and westbound I70 from Mile marker 20 (Kansas City) to 210 (St. Louis) in Missouri. These data were acquired using 1.0GHz air-launched horn antennae (Geophysical Survey Systems, Incorporated antenna model #4208). All data were collected at 30mph yielding ~5 radar scans/m (1.5 scans/ft, or 1 scan per 8 inches) with a 20 ns time recording window.
The scans-per-meter defines the horizontal sampling. The time recording length determines (with the radar velocity) the maximum depth imaging expected which was on the order of one meter for this survey. We mounted the bistatic antennae behind a pickup truck, acquiring two channels of data resulting in parallel survey passes separated by three feet.
For calibration, we collected radar data over core locations near to the start of the survey (on I70 near Columbia, MO). In addition, a calibration file was acquired each new day of the survey, consisting of data recorded in place over a metal (perfect) reflector.
The difficult logistics of acquisition required that data be collected in four mile sections to keep the file sizes manageable (just under 32MB). Starting and stopping every four miles introduced a horizontal error during acquisition of on average 19 feet over four miles, for about 4.75 ft/mile position error. From approximately mile 144-180 eastbound, acquisition was undersampled relative to the rest of the survey at 5scans/m. This was due to incorrect acquisition parameter settings for such a large file size, but could be compensated for during processing with only minimal extra position error. The total data collected amounted to just under 3GB of data, posing yet another logistical problem of storage of the entire data set. Data were stored directly onto 1GB removable media during acquisition and ultimately were stored on CD-ROM for archiving.
ANALYSIS AND INTERPRETATION PROCEDURES
Preliminary qualitative determination of anomalous roadway areas can be done during acquisition or during post-survey assessment of the data. Quantitative interpretation of the roadway data to help produce layer thickness estimates requires correlation with ground truth. Ideally, the ground truth consists of core information from every different roadway surface; however, in the absence of this, design plans were used to calibrate the radar data in this study, with an associated loss in confidence in the resulting interpretation. The design plans we used are from the history information supplied by
MoDOT. This history information could only be used as a guide, as it is incomplete and inaccurate. Of course, one of our primary goals was to update and correct this information.
Neither of the calibration techniques were truly effective for analysis of the extensive data set we acquired. Although some of the calibration files were not collected under ideal circumstances and proved less than useful, the use of the calibration file technique for automated analysis of this extensive data was not appropriate. The automated technique requires that all layer interfaces be interpretable (above the noise level and resolvable), and also all layers and numbers of layers should ideally be consistent. Our data from I70 included patchy and discontinuous roadway for both asphalt and concrete pavements. In addition, the concrete pavements included both non-reinforced and reinforced concrete.
The reinforcement essentially puts an additional layer into the pavement analysis. Use of the calibration file for automated analysis broke down and required constant interpreter input to keep it on track through these changes in pavement character. In addition, the base of the concrete (concrete to base coarse interface) was often difficult to interpret and the automated analysis technique using a calibration file requires each interface to be distinct and clear (above the noise level). With such variability across some 400 miles of roadway, the limited core control (one area of concrete and one area of asphalt) was basically useless. Further analysis and investigation would require core control from numerous points along the surveyed portion of I70.
Using the history information as a guide, we chose to use interpreter guided analysis throughout the study. Since we wanted to produce a listing of anomalous areas, this required interpreter involvement through analysis of the entire data set and thus our analysis technique was consistent with meeting our third goal. Our analysis procedure involved multiple steps: 1) Stacking 9 scans (to reduce file size and increase signal to noise ratio) 2) Layer Picking (Surface, asphalt, concrete) interfaces (using both channels of data as a guide for helping to see all layer interfaces). In particular, we note in Table 1 if we have lower confidence in the GPR interpretation based on the quality of the GPR data ("pd" or "vpd" for "poor data" and "very poor data"). Table 2 delineates anomalous regions exhibited in the radar data, and Table 3 lists anomalies that correspond to tenth mile positions for correlation with ground truth (e.g., falling weight deflectometer).
Radar anomalies are categorized into six different types: 1) increase amplitude --interface with stronger than surrounding reflectivity (presumably due to greater dielectric contrast)
2) decrease amplitude --interface with weaker than surrounding reflectivity (presumably due to lower dielectric contrast)
3) thickening --interface that drops down over a relatively broad region, (indicative of layer that increases in thickness or layer dielectric that increases) 4) thinning --interface that raises up over a relatively broad region, (indicative of layer that decreases in thickness or layer dielectric that decreases)
5) discontinuous --interface that is broken up or sharply (vertically) variable 6) washout --very localized layer thickening presumed to be related to moisture content (slow velocity push-down)
Each of these anomalies can be associated with the base of asphalt, base of concrete (reinforced or non-reinforced), the reinforcement itself, or the base coarse layer. In addition, we note in some places where the surface of the roadway was especially rough and where we interpret pavement patches, since these might be indicative of roadway problems. Figures 3-12 display examples of radar anomalies, labeled at nearest tenth mile mark. Note that the "thickening" and "thinning" areas, and the more localized "washout" areas as well, should show up on the pavement profile data. These areas are designated "anomalous" because they are more localized than variations in layer thickness are expected to be if they are related to pavement layering put down by MoDOT, although that may prove to be the correct situation. These anomalous regions should be investigated for correlation of ground truth with the radar signatures.
TABLE1a
East 2) Re-survey area of I70 currently being resurfaced for comparison with previous profile. In addition, get information on pavement layers that were stripped prior to resurfacing (during milling process or other) for correlation with radar profile in this report.
3) Get core information from various points along the I70 corridor in order to adjust dielectric constants along the length of the surveyed portion of I70. estimates in a rapid fashion and across a large portion of roadway. We have produced pavement layer profiles based on the GPR data which can be used to revise and update design history information. In addition, we have delineated areas of anomalous radar signals which may be indicative of roadway problems and can be further investigated. Because completely automated techniques need to be used carefully, in particular when reflections from specific layers (e.g., concrete to base coarse) are not clearly defined, interpreter input is necessary to help guide the analysis and keep it as accurate as possible when faced with such a large quantity of data covering such widely variable roadway surface.
